BACKGROUND: It is unclear whether the increased risk of colon cancer associated with obesity differs for men and women, by distribution of body fat, or by location of the tumor. The primary goal of this study was to address these questions. METHODS: Eligible subjects from the Framingham Study cohort were classified according to body mass index (BMI) and waist size during two age periods: 30-54 y (n ¼ 3764) and 55-79 y (n ¼ 3802). All eligible men and women were cancer-free at baseline and had complete information on the following potential confounders: age, sex, education, height, activity, smoking, and alcohol. There were 157 incident lifetime cases of colon cancer among those followed beginning at 30-54 y of age and 149 lifetime cases among those whose follow up began at 55-79 y. Subjects were stratified further by gender, activity, and tumor location. The Cox Proportional Hazards Models were used to adjust for possible confounding by the above-described factors. RESULTS: A BMI Z30 led to a 50% increased risk (95% CI: 0.92-2.5) of colon cancer among middle-aged (30-54 y) and a 2.4-fold increased risk (95% CI: 1.5-3.9) among older (55-79 y) adults. The BMI effect was stronger for men than for women and for cases occurring in the proximal colon. These adverse effects generally diminished when waist was added to the multivariable models. A larger waist size (Z99.1 cm (39 in) and 101.6 cm (40 in) for women and men, respectively) was associated with a twofold increased risk of colon cancer; this risk increased linearly with increasing waist size and was evident for both proximal and distal colon cancer. There was no attenuation of these effects when BMI was added to the multivariable models. A larger waist had a particularly adverse effect among sedentary subjects (relative risk (RR) ¼ 4.4 for middle-aged adults; RR ¼ 3.0 for older adults). CONCLUSION: These findings suggest that waist circumference is a stronger predictor of colon cancer risk than is BMI, and that central obesity is responsible for an increased risk of cancer of both the proximal and distal colon.
Colorectal cancer is the second most common malignancy in affluent countries and the fourth most common cancer throughout the world. 1 In 1940, it was first hypothesized that excess body weight may contribute to the development of some cancers. 2 During the past 15 y, there have been a number of prospective epidemiologic studies [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] as well as several recent population-based case-control studies [14] [15] [16] [17] [18] [19] [20] [21] [22] of body weight and colon cancer. The majority of studies support the hypothesis that excess body weight, at least in men, increases risk for cancer of the colon. The findings for women have been generally weaker or more equivocal than those for men. 3, 6, 11, 13, 16, 19, 20, [22] [23] [24] [25] Some studies have suggested that the adverse effect of obesity on colon cancer risk declines with age among women, 19, 22, 24, 25 perhaps owing to menopausal factors. However, central obesity (a factor thought to be associated with colon cancer risk) increases with age, particularly among women. The majority of studies of obesity and colon cancer risk have used body mass index (BMI) as the principal measure of adiposity. The first United States National Health and Nutrition Examination Survey (NHANES-I) was carried out between 1971 and 1975 and was designed to assess the health and nutritional status of a representative sample of Americans. That study found that a larger subscapular skinfold thickness (which may reflect greater central obesity) was positively associated with the subsequent development of colon cancer, but this effect was present only among men. 12 There was no increased risk related to a larger triceps skinfold thickness (a measure less closely linked with central adiposity) in either sex. Waist circumference and waist-tohip ratio (WHR) have also been used as measures of central adiposity and these measures have been related to increased risk of colon cancer in a number of studies, particularly among women. 9, 10, 21, 22, 26 Thus, additional long-term prospective studies could help to clarify the role of abdominal obesity, as well as the relative importance of BMI and measures of central adiposity, in the etiology of colon cancer. We used more than 40 y of follow-up data from the Framingham Study cohort to examine the independent effects of BMI and waist circumference on colon cancer risk among middle-aged and older adults. We further examined whether these effects differed for cases of cancer occurring in the proximal and distal colon and whether these effects differed for active and sedentary individuals.
Methods

Study population
Subjects were members of the original Framingham Study cohort. Beginning in 1948, 5209 men and women were asked to attend a clinic examination at which time they completed a structured interview with a detailed medical history and risk behavior assessment, a physical examination, and laboratory and other measurements. For these analyses, we include follow-up data through 1999, the last date for which validated cancer outcome information is available. At the fourth biennial clinic examination, waist circumference was measured using a standard protocol; these measurements were repeated at biennial examinations 5 and 19-21. At each biennial examination beginning at enrollment, weight was measured without shoes using a standard balance beam scale; height was measured at several examination visits. BMI for each examination was calculated as measured weight in kilograms divided by the average adult height (in meters squared) prior to age 60 y.
The diagnosis of incident cancer was made using a standardized protocol that has been previously described. 6 The initial detection of a possible cancer case was made on the basis of self-report during structured interviews that took place at each yearly examination as well as surveillance of local hospital admissions and searches of the state health department's death records and the National Death Index. Cancer diagnoses were histologically confirmed and coded according to the International Classification of Diseases for Oncology (ICD-O codes 153.0-153.9). 27 Only cases of primary colon cancer were included in these analyses. Rates of colon cancer in Framingham have been compared with rates the Connecticut Surveillance, Epidemiology, and End Results (SEER); the ratio of observed cancer cases in Framingham to that predicted using the SEER data was 1.00 for men and 0.96 for women. 6 This suggests that colon cancer case ascertainment has been reasonably complete in the Framingham Study. For these analyses, we selected those subjects who were free of cancer (except nonmelanoma skin cancer) and who had two consecutive measures of BMI and complete covariate information. To evaluate the effects of obesity for middle-aged and older subjects, we classified individuals according to their BMI measures during two different age intervals (30-54 and 55-79 y). To do this, we selected subjects into each age group when the first two consecutive BMI measures were available. The second BMI measurement examination marked the end of the exposure period. A total of 3764 such subjects, aged 30-54 y, and 3802 subjects, aged 55-79 y, were included and followed for the occurrence of colon cancer. Subjects who provided data during the first age period were also eligible for inclusion in the second age group as long as they remained cancer free and provided the necessary exposure and covariate information. Since waist circumference was not measured at every visit in Framingham, we first examined the effects of waist size on colon cancer risk only for those subjects within each age interval who provided data at examinations 4 and 5 when waist size was measured. We then substituted mean waist size data from examinations 4 and 5 for missing values at surrounding examinations. This allowed, for example, a subject who was 54 y of age at examination 5 to be included in the analyses for 55-79 y olds by using mean waist size from examinations 4 and 5 to represent waist size at examination 6. We compared the rates of colon cancer associated with waist size using only data from examinations 4 and 5 with that using substituted waist data; the results were virtually identical. Therefore, all analyses here include substituted waist data.
We considered the following potential confounding variables in multivariable analyses: age, sex, education (ohigh school, high school, 4high school), mean adult height, and the mean physical activity score, number of cigarettes smoked per day, and alcohol intake (ounces of pure alcohol per week) at the time of measurement of the BMI or waist circumference. The physical activity index was calculated as the number of self-reported hours per day spent doing moderate or vigorous activities multiplied by a numeric weight derived from the oxygen consumption required (l/ min) for that activity. 28 Cigarette smoking and alcohol intake were assessed by self-report. . Follow up for the occurrence of colon cancer began 4 y after the second BMI measurement and continued until one of the following censoring events: incident colon cancer, death, loss to follow up, or date of the last examination at which the person was known to be alive and free of colon cancer. Colon cancer incidence rates were calculated as the number of incident cases that occurred during the follow-up period divided by the amount of person-time in each respective BMI category.
Statistical analysis
We compared the rates of colon cancer for subjects in each BMI category (BMIo25 kg/m 2 served as the referent category) using the Cox Proportional Hazards Models; we estimated crude and adjusted relative risks (hazards ratios) and 95% confidence intervals (CI). 30 We further calculated the rates and relative risks stratified by sex and physical activity level. We then carried out separate analyses for cancer of the proximal and distal colon. Proximal colon cancer included cases occurring in the cecum, ascending colon, hepatic flexure, transverse colon, or splenic flexure. Distal colon cancer included cases occurring in the descending colon and sigmoid colon. Appendiceal carcinomas were excluded.
The analyses of waist size and colon cancer risk paralleled the BMI analyses. We used the mean waist circumference (when two measures were available) to classify waist size as small, medium, large, or extra large using separate cut points for men and women. For men, the categories for small, medium, large, and extra large were o83.8, 83.8-o94.0, 94.0-o101.6, and Z101.6 cm (o33, 33-o37, 37-o40, and Z40 in), respectively. The corresponding categories for women were o81.3, 81.3-o91.4, 91.4-o99.1, and Z99.1 cm (o32, 32-o36, 36-o39, and Z39 in). Follow up for colon cancer began 4 y after the second waist measure.
To evaluate whether occult cancers may have affected the results, we repeated our analyses beginning follow up for colon cancer occurrence 10 y after the second BMI measurement. Since these results were nearly identical to those in which follow up began 4 y after the last BMI measure, we retained the initial analyses.
Results
We first examined the overall effect of excess body weight on colon cancer risk for all subjects 30-79 y at the time of their To evaluate whether the BMI effects differed for younger and older subjects, we examined the incidence rates and RRs of colon cancer according to BMI category for younger (30-54 y) and older (55-79 y) subjects. Results for men and women combined are presented in the top portion of Table 1 , followed by separate results for men and women. There were only small age-related increases in colon cancer rates for leaner subjects (ie, cancer rates for those whose BMI was o25 were similar for 30-54 and Adjusted for all factors in Model 1 plus waist circumference. 
55-79 y olds)
. Among obese subjects, however, older men and women had much higher rates of colon cancer than did younger individuals. After controlling for sex, exact age, education level, height, alcohol intake, cigarette smoking, and physical activity, we found that subjects with a BMI Z30 at ages 30-54 y had a 50% increased risk of colon cancer (RR ¼ 1.5; 95% CI: 0.92-2.5), while older subjects (ages 55-79 y) in the same BMI category had a 2.4-fold increased risk (RR ¼ 2.4; 95% CI: 1.5-3.9). The increasing rates of colon cancer associated with a higher BMI category were more evident for men than for women. We then added waist circumference to the multivariable model to address the question of whether the BMI effect was independent of body fat distribution. In general, the adverse effects were more strongly attenuated for the younger subjects.
We also stratified subjects according to their activity level, examining the separate effects of BMI on total colon cancer risk for active and sedentary individuals ( Table 2) . For middle-aged subjects, obesity led to an increased risk of colon cancer only among sedentary individuals (RR ¼ 2.1; 95% CI: 1.1-3.7). For older subjects, there was more than a two-fold increased colon cancer risk associated with a BMI of 30 kg/m 2 or higher for both active and sedentary individuals. Table 3 provides data on the separate effects of BMI category on cancers of the proximal and distal colon. We found that obese (BMI Z30 kg/m 2 ) older subjects had nearly a three-fold increased risk of proximal colon cancer (RR ¼ 2.9; 95% CI: 1.6-5.2), while obese middle-aged subjects had a 60% increased risk. The effect of a higher BMI was somewhat weaker for cancers of the distal colon. Adding waist circumference to the models attenuated the BMI effects Waist circumference: small ¼ o83.8 cm for male, o81.3 cm for female subjects; medium ¼ 83.8-o94.0 cm for male, 81.3-o91.4 cm for female subjects; large ¼ 94.0-o101.6 cm for male, 91.4-o99.1 cm for female subjects; X-large Z101.6 cm for male, Z99.1 cm for female subjects.
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We then evaluated the direct effect of waist size on colon cancer risk. Overall, the men and women with a large waist size (94.0-o101.6 cm for male, 91.4-o99.1 cm for female subjects) had a 70% increased risk of colon cancer (RR ¼ 1.7; 95% CI: 0.99-3.0); those with an extra-large waist (Z101.6 cm for male, Z99.1 cm for female subjects) had a nearly two-fold increased risk of colon cancer (RR ¼ 1.9; 95% CI: 1.1-3.4) .
We examined these waist size effects separately for younger and older subjects beginning in Table 4 . Here, we see a linear increase in colon cancer risk associated with increasing waist size for both men and women and for younger and older subjects. There was little or no attenuation of the adverse effects of increasing waist size by including BMI in the multivariable models, suggesting that body fat distribution is an independent risk factor for colon cancer in these subjects.
In Table 5 , we stratify by physical activity level. Although the data suggest that there is an adverse effect of a larger waist size for both middle-aged and older adults who are physically active, the greatest increase in risk is seen among those who are sedentary. After adjusting for BMI and all other confounders of interest, middle-aged sedentary men and women in the highest waist circumference category (Z99.1 cm for women and Z101.6 cm for men) had more than a four-fold increased long-term risk of colon cancer (RR ¼ 4.4; 95% CI: 1.5-12.9), while the corresponding older subjects had a three-fold increased risk (RR ¼ 3.0; 95% CI: 1.0-9.1).
In Table 6 , we examine the effects of waist size on the risks of proximal and distal colon cancer. In contrast with the BMI analyses, we find that increasing body fat as measured by a larger waist circumference was associated with increasing rates of both proximal and distal colon cancer. These effects were independent of BMI. After adjusting for BMI level, both younger and older subjects in the highest waist circumference category had 2.4-to 3.0-fold increased risks of both proximal and distal colon cancer compared with those in the smallest waist category. The relative risks for both proximal and distal colon cancers increased in a linear fashion with increasing waist size.
Discussion
While BMI and waist circumferences were moderately strongly correlated (Pearson correlation ¼ 0.79 for 30-54 y olds and 0.77 for 55-79 y olds) in this study population, both were independently predictive of colon cancer risk. Obesity, as measured by BMI, had a stronger effect on colon cancer risk for men than it did for women and this effect was much 8-o94 .0 cm for male, 81.3-o91.4 cm for female subjects; large ¼ 94.0-o101.6 cm for male, 91.4-o99.1 cm for female subjects; X-large Z101.6 cm for male, Z99.1 cm for female subjects.
stronger for cancers of the proximal rather than the distal colon. In general, adding waist size to the proportional hazards models led to some attenuation of the BMI-colon cancer effects.
In contrast, there was a strong linear effect of waist size on colon cancer risk for both men and women and this effect was equally strong for cases involving the proximal and distal colon. These effects were not diminished when BMI was added to the multivariate models. These results provide support for other studies that suggest that waist size among women may be a stronger predictor of colon cancer risk than is BMI. 10, 21, 22, 26 Since waist circumference increases after menopause, we examined the effect of waist size for pre-and postmenopausal women. Unfortunately, we do not have precise information on the time of menopause for all of the women in Framingham, so we chose to use age 55 as a surrogate measure in our stratified analyses. In our data, a larger waist circumference had a similar effect on cancer risk among younger and older women, a finding that is similar to the age-stratified results of Russo et al. 22 Our results for men also agree with those from earlier studies that found slightly stronger adverse effects of a high BMI among older (than younger) subjects. 21, 22 A number of mechanisms may be at work to increase colon cancer risk in obese persons. Some have suggested that it is simply excess calorie intake itself while others posit that differences in dietary intake patterns (eg, more dietary fat, less fiber) are actually responsible. 11, 14, 17, [31] [32] [33] We are unable to test these hypotheses as we have very limited dietary data in Framingham. We are also not able to explore any potential effect of a family history on colon cancer risk in these analyses. Since both obesity and colorectal cancer are correlated within families, 34 it could be that some underlying genetic or shared environmental mechanism could be involved.
Other obesity-related mechanisms, such as an abnormal serum lipid profile, may explain the association between obesity and cancer risk. 6 One mechanism that has received much recent attention relates to the role of insulin and insulin-like growth factor (IGF) levels. Obese individuals, especially those with greater central obesity, are more likely to be insulin resistant and hyperinsulinemic, factors that have been shown to promote tumor growth. [35] [36] [37] These data from Framingham are consistent with an insulin-mediated promotion of colon cancer risk. Hyperinsulinemia leads to lower serum levels of IGF binding protein 1 and, in turn, higher levels of free IGF-1; higher IGF-1 levels have been directly related to colon cancer risk. [38] [39] [40] Another potential mechanism relates to leptin which is tied to obesity and has been shown to stimulate growth of colonic epithelial cells. 41 There is also some epidemiologic Waist circumference: small ¼ o83.8 cm for male, o81.3 cm for female subjects; medium ¼ 83.8-o94.0 cm for male, 81.3-o91.4 cm for female subjects; large ¼ 94.0-o101.6 cm for male, 91.4-o99.1 cm for female subjects; X-large Z101.6 cm for male, Z99.1 cm for female subjects.
evidence that leptin is associated with colon cancer risk, at least in men. 42 It has been recently theorized that estrogen levels may modify the effect of insulin-related mechanisms on colon cancer risk. Hormone replacement therapy in observational studies has been inversely associated with the risk of colorectal cancers. [43] [44] [45] [46] The finding in some studies that the adverse effect of obesity is reduced in postmenopausal women 19, 22, 24, 25 has led to the theory that higher levels of endogenous estrogen due to higher body fat stores in obese postmenopausal women (compared with leaner postmenopausal women) may mitigate the adverse effects of hyperinsulinemia in these women. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Our results in Framingham do not support this hypothesis.
A sedentary lifestyle has also been linked with colon cancer risk. 5, 9, 10, 19, 20, 32, 47 We found that obese sedentary individuals had a higher risk of colon cancer than did active obese subjects. This was particularly true, regardless of age, for those with greater central obesity. Since both lower levels of physical activity and higher levels of central obesity are associated with insulin resistance, hyperinsulinemia, lower levels of HDL-cholesterol, higher triglycerides, higher total and LDL-cholesterol, and other factors, it is possible that the adverse effect of a sedentary lifestyle on colon cancer risk is also mediated through insulin or lipid-related mechanisms.
The results of this study are strengthened by the longitudinal nature of the Framingham Study data as well as the careful and complete follow up for cancer occurrence. Colon cancer is a costly and devastating disease with more than 940 000 cases and 500 000 deaths occurring annually worldwide. 48 Thus, its prevention is key to the health and longevity of millions. These data provide important new information on the role of obesity in the development of this disease. For both men and women, the long-term risk of colon cancer was markedly increased among those with higher levels of central obesity in either the middle or older adult years.
